Geo-information on settlements from Earth Observation offers a base for objective and scalable monitoring of the evolution of cities and settlements, including their location, extent and other attributes. In this work, we deploy the best available global knowledge on the presence of human settlements and built-up structures derived from Earth Observation to advance the understanding of the human presence on Earth. We start from a concept of Generalised Settlement Area to identify the Earth surface within which any built-up structure is present. We further characterise the resulted map by using an agreement map among the state of the art of remote sensing products mapping built-up areas or other strictly related semantic abstractions as urban areas or artificial surfaces. The agreement map is formed by a grid of 1 km 2 , where each cell is classified according to the number of EO-derived products reporting any positive occurrence of the abstractions related to the presence of built-up structures. The paper describes the characteristics of the Generalised Settlement Area, the differences in the agreement map across geographic regions of the world, and outlines the implications for potential users of the EO-derived products used in this study.
Introduction
In agreement with established theoretical frames in Geography, the term 'human settlement' is defined as 'a city, town, village, or other agglomeration of buildings where people live and work'; and the primary physically observable element making the human settlement description possible inside the scientific method is the presence of buildings that are considered the core of the settlement geography (Stone 1965) . The development of Earth Observation (EO) and geo-information technologies offers the opportunity for an objective and scalable monitoring of the evolution of the cities and settlements globally, including their location, extent and other attributes. Several remote sensing products map the surface occupied by human-made infrastructure that manifests the presence of human settlements. New sensors and methods bring about new products, and the availability of HR/VHR resolution imagery result in more spatially detailed maps Esch et al. 2013) . Also, the conceptualisation of human-made infrastructure observable from outer space evolves: from a sensor-driven to a user-driven concept. The former typically conceptualises the observable settlement area as connoted by specific data patterns collected by specific sensors, as seasonal patterns of vegetation changes inferred by optical reflectance values in the red and near-infrared frequency domains (Schneider, Friedl, and Potere 2009) or persistent nightlight emissions (Zhou et al. 2015) . The latter targets built-up structures because needed by a number of applications ranging from population spatial modelling to sustainable development, regional planning, and disaster risk reduction. In this frame, the notion of 'built-up area' is defined as 'the union of all the satellite data samples that spatially overlap a roofed construction above ground which is intended or used for the shelter of humans, animals, things, the production of economic goods or the delivery of services', using metric and decametric scale sensor data (Pesaresi, Gerhardinger, and Kayitakire 2008; Pesaresi et al. 2013) . Currently, the global EO-derived products mapping spatial information that can be associated with the presence of human settlements are several, and include only partial semantically interoperable abstraction classes. They include: 'artificial surfaces' (Chen et al. 2015) , 'urban' and 'built-up area' (Schneider, Friedl, and Potere 2009; Potere et al. 2009 ), 'urban area' (ESA 2017) , 'urban extent' (CIESIN et al. 2017) , 'built-up area' (Pesaresi et al. 2016a; Corbane et al. 2017) , 'urban footprint' (Esch et al. 2013) or 'built-up and settlement extent' (Wang et al. 2017) .
New products bring continuous improvement to our knowledge of human settlements location and their characteristics. This information is currently refined to the level of the spatial units with the full or partial presence of buildings. However, our knowledge on actual accuracy of those products is limited, mainly due to the lack of global and representative validation datasets. There are few examples of global validation datasets that might be considered (Gong et al. 2013; Fritz et al. 2017) ; however, they are designed for validating specific multiple-class land cover maps (Chen et al. 2015; Schneider, Friedl, and Potere 2009) , and they cannot be simply extended to other products, which do not share the same scale, spatial tolerances, semantic abstraction or technical specifications. In fact, the ideal validation datasets to assess the quality of EO-derived built-up area maps should consist of validated digital cartography with a scale of 1:10 K (or better) including individual building footprints, from which a product depicting local density of built-up surfaces can be derived (Pesaresi et al. 2016a) . A considerable effort is required to prepare such reference dataset, and it is usually possible only for selected areas (Pesaresi et al. 2016a; Leyk et al. 2018) . A number of validation efforts (Taubenbock et al. 2010; Ouzounis, Syrris, and Pesaresi 2013; Klotz et al. 2016; Sabo, Corbane, and Ferri 2017) are driven by the availability of reference data, and so they are limited in the spatial extent and tailored to specific regions. Additionally, the samples can be unbalanced in representing different settlement typologies found globally (for example in Schneider, Friedl, and Potere 2009 the assessment focuses on cities, and in Klotz et al. 2016 the collected samples are only for selected regions). Additionally, the selected metrics, the design of the comparison procedure, including details of the data preparation, may influence results. A comparison among maps is commonly combined with the validation task. The spatial agreement among the products is usually assessed using agreement maps (Giri, Zhu, and Reed 2005) . Additionally, in case of multi-class land cover products, this may involve fuzzy logic techniques to deal with a different degree of matching among the thematic classes of the compared products (Fritz and See 2005) . There are many works that compare global or large scale products (Liu et al. 2018; Kaptué Tchuenté, Roujean, and De Jong 2011; Bai et al. 2014; Pérez-Hoyos, García-Haro, and San-Miguel-Ayanz 2012; Yang et al. 2017) , and frequently data providers perform such exercise Pesaresi et al. 2016a) . These results from different sources help to assess the products but drawing conclusive guidance (on the map selection) might not be straightforward for potential users. Moreover, there remains room for uncertainty about the assessment of the built-up environment from space.
In this work, we aim at bringing together the current knowledge on the worldwide spatial delineation of human settlement as derived from EO by employing an agreement map in a non-traditional way, to produce the Generalised Settlement Area (GSA). In particular, a 'thresholded plurality' voting schema it is applied Bahler and Navarro (2000) to the generalisation transforms of the EO-derived products assessed in this study. The generalisation transform operates in both the spatial and thematic domains of the different EO-derived products allowing making them interoperable, even if being generated from different EO sensors, at different scales, and designed under different technical specs. We characterise the Generalised Settlement Area by using an agreement map that classifies each observation unit of 1 km 2 according to the number of products that report any existence of built-up surface within the observation unit. In practice, the Generalised Settlement Area is the most abstract representation of all the 1 km 2 areas where at least one of the EO-derived products selected for this study reports the presence of settlement or built-up area. Additionally, we propose a new approach for product comparison using the agreement map. This approach can be useful for understanding the benefit of new products. In essence, this work is an attempt to (1) assess our overall understanding on the location of human settlements and their nearby environment at the scale of 1 km, as offered by remote sensing technology, and (2) to help understanding the differences among the products, especially the recent ones. Here, we do not attempt to measure with traditional metrics how much the products agree on reporting the absolute amount of surfaces of the mapped target class at specific locations (pixels), which is a more appropriate procedure for a validation exercise and quality assessment. The proposed approach can provide an overview on the benefits of new products, sheds light on the major differences between datasets, and improves the collective understanding on where humans settle on Earth.
Data and methods

Input data
For the production of the agreement map we focus on global products that: (i) are designed to depict built-up surface, human settlements or strongly correlated abstractions as 'urban areas', 'artificial surfaces' or similar; (ii) are derived from remotely sensed data; (iii) offer global coverage; (iv) are made available as open and free data; and (v) preferably are well-known and commonly used, or represent an important advance in the state of the art on settlement mapping. Therefore we selected the following eight products: (i) the Global Rural-Urban Mapping Project (GRUMP), (ii) the MODIS Urban Land Cover, (iii) the ESA Climate Change Initiative Land Cover (ESA CCI), (iv) the GlobeLand30, (v) the Global Human Built-up And Settlement Extent (HBASE); (vi) the Global Human Settlement Layer (GHSL) generated from Landsat data, (vii) the Global Urban Footprint (GUF), and (viii) and the Global Human Settlement Layer (GHSL) generated form Sentinel 1 data.
The Global Rural-Urban Mapping Project (GRUMP) Urban Extent Polygons (CIESIN et al. 2017 ) and MODIS global urban map (Schneider, Friedl, and Potere 2009 ) are among the first global thematic layers well described in the literature. In addition, they are commonly used products, frequently, as baseline data in a range of studies requiring global map of urban areas (McGranahan, Balk, and Anderson 2007; Angel et al. 2011; Akbari, Matthews, and Seto 2012; Messina et al. 2016) . The selected GRUMP product consists of polygons defined by the extent of the night-time lights and approximated urban extents (buffers) derived from ground-based settlement pointsintroduced to overcome the underestimation in the less-electrified regions of the world. This map consistently overestimates the size of cities, mainly due to buffering the settlement points and the blooming effect of the lights (especially in desert areas) (Elvidge et al. 2004) . MODIS draws on full year (ca 2001) coarse-resolution multi-spectral MODIS imagery, and scored highest in accuracy assessment conducted circa 2009 ). MODIS and GRUMP are relatively low resolution (approx. 1-km and 500-m, respectively) and somewhat outdated (reference year is 1995 and 2001 respectively) maps; however, using them in the agreement map analysis can provide the reference to assess the novelty brought by the fine resolution maps selected in this work.
The Globe Land Cover mapping project was launched in China in 2010 to produce GlobeLand30 land cover maps for two epochs 2000 and 2010. The product (for epoch 2010) is the first open-access, high-resolution map of Earth's land cover donated to the United Nations as a contribution towards global sustainable development and combating climate change (Chen, Ban, and Li 2014) . GlobeLand30 2010 product (Chen et al. 2015 ) is the first fine-scale global land cover map released at a spatial resolution of the sensor (i.e. 30 m -the spatial resolution of the Landsat-8 multi-spectral bands). The class used as settlement proxy ('artificial surfaces') includes in its definition not only urbanised areas but also roads, and as in all land cover products, this class is mutually exclusive with the other class abstractions and partial membership to the class abstraction it is not allowed.
In view of the new very high-resolution radar imagery available from the German TerraSAR-X mission, Esch et al. (2013) developed the Urban Footprint Processor that represents an operational framework for the mapping of built-up areas based on TerraSAR-X data. The framework includes functionalities for data management, feature extraction, unsupervised classification, mosaicking and post-editing (Esch et al. 2013) . In 2016 the framework was used to generate the Global Urban Footprint (GUF) (Esch et al. 2013 ), a global map of human settlements in a so far unique spatial resolution of 12-m per grid cell. The GUF processing is based on the analysis of 182,249 single look complex images acquired with 3-m ground resolution (mainly) between 2011 and 2012. Currently, a community of more than 250 institutions is already working with the GUF data for a broad scope of applications (Esch et al. 2018) .
The Global Human Settlement Layer (GHSL) project of the Joint Research Centre of European Commission proposes a general framework for automatic processing of any EO sensor tested in the range of 0.5-80 m resolution for passive (optical) and 10-20 m resolution for active (radar) sensor technology. From the GHSL global production we select the GHS Sentinel-1 built-up grid (for epoch 2015) produced in 2016 ) and GHS Landsat built-up grid (for epoch 2014) produced in 2017 (planned public release in fall 2018), which are available at 19-m and 30-m spatial resolution, respectively. Both products depict built-up areas and are generated using a fully automated image processing method (Pesaresi et al. 2016a ) by means of the Symbolic Machine Learning (SML) supervised classifier (Pesaresi et al. 2016b ). The used Landsat based built-up area grid is a new version of the GHSL grid released in 2016 , and it is a result of re-processing the multi-temporal Landsat imagery with the GHS Sentinel 1 built-up grid and GlobeLand30 2010 as the learning sets in the SML.
The second land cover product selected in this work is one of the products of the Climate Change Initiative (CCI) -a programme of European Spatial Agency (ESA), ESA CCI Land Cover (v2.0.7) (ESA 2017). This product offers annual maps (from 1992 to 2015) for land cover change analysis at 300-m spatial resolution. The selected land cover map for the year 2015, contains the 'urban areas' class, which has been produced by considering the agreement between GUF (Esch et al. 2013) and GHSL products mapping built-up area presence (ESA 2017) .
Recently, the Global Human Built-up And Settlement Extent (HBASE) Dataset has been made available, which is a product derived from the Landsat imagery for the reference year 2010 (Wang et al. 2017) . We select the HBASE mask, which is one of the first global, 30-m datasets of urban extent for nominal epoch 2010. This product is dedicated to post-process the Global Manmade Impervious Surface dataset, which estimates fractional impervious cover globally derived from the Global Land Survey 2010.
The products mapping the presence of human settlements and built-up areas differ in spatial resolutions (Figure 1(b) ), data format (i.e. vector or raster), and origin of the EO data used in their production. Most of the selected layers (Table 1) are available as raster data with the exception of the GRUMP (i.e. a vector layer derived from a nearly 1-km spatial resolution grid). They are in majority derived from products acquired via optical sensors, with the exception to two products derived from radar data. The spatial resolution at which the data are released ranges from 1 km to as fine as decametric spatial resolution. Most of the layers are thematic maps (usually offered as one class map), while a land cover layer classifies the land mass into more than one abstract class.
Generalised settlement area and agreement map
The Generalised Settlement Area concept is derived from the notion of human settlement (Stone 1965 ) and the operationalisation of the built-up area abstraction on metric and decametric sensor scale . The Generalised Settlement Area is the generalisation of the built-up area abstraction to the 1 km scale. This scale corresponds to the neighbours scale or walking distance standard in the urban planning practices (IHT 2000) and is less detailed than any of the EO-derived products assessed in this study. Moreover, the Generalised Settlement Area generalises the thematic contents of the OE-derived products, leveraging on their mutual strong spatial correlation. In practice, the selected class abstractions from the EO-derived products under study are strongly correlated to the presence of built-up areas; and therefore, they are used as a proxy of the Generalised Settlement Area abstraction. The Generalised Settlement Area includes any positive evidence (i.e. logic OR) of the land cover classes associated with the presence of built-up areas and assessed by the different EO-derived product under study. As such, Generalised Settlement Area can be considered the maximum envelope in the spatial and thematic domain of the human settlement concept as assessed by remote sensing technologies at the global scale.
Any EO-derived product including class abstractions strongly correlated to the presence of built-up areas can be a source of a Generalised Settlement Area (i.e. a representation of the settlement space reality) and, by combining more than one product, we aim at better understanding of systematic disagreement and relative anomalies of the EO-derived products under study. The proposed scale of the Generalised Settlement Area allows us to consider also any product that maps settlements or urban surfaces, as we can assume that there is at least one built-up structure within 1 km 2 of the surface mapped by such a product. In addition, this criterion helps to mitigate (1) the spatial disagreement between OE-derived products that are not sharing the same pre-processing, geocoding and ortho-rectification of the supporting EO data; and (2) the temporal mismatch between products, as the potential new housing will occur within the vicinity of the existing settlements.
In order to create the Generalised Settlement Area, first we produce an agreement map. This map classifies each observation unit of 1 km 2 according to the number of products that report any existence of built-up surface or built-up surface proxy within the observation unit. Here, it will take values from zero to eight, where zero identifies areas where none of the product identifies built-up areas or proxy, and eight areas where all products have identified some. As the projection for the 1-km grid we select the World Mollweide projection, because it is an equal area projection well supported by open source processing tools, like GDAL (http://www.gdal.org/).
The procedure to generate the agreement map consists of several steps. First, we create a binary 1-km representation of each of the eight selected layers (a product settlement mask), in which the pixels with value one identify areas with presence of human settlement (and therefore the areas with at least one built-up structure), and pixels with value zero its absence. In the case of the land cover layers, we consider only those classes which approximate the presence of human settlement (the 'artificial surface' class of Glc30 and 'urban areas' class of EsaCCI). We create the eight settlement masks as Urban footprint 2 m Guf12
Note: P -product designation (*some products are planned as public release in 2019); D -reference date of the layer used in this analysis; R -spatial resolution expressed in metres at the equator in a native geographic projection; MT -map type [Thematic/ LandCover]; EO-s -EO programme of the main data sources producing optical or radar products [O/R]; PC -semantic of the proxy settlement class; RR -resampling resolution; ID -acronym of the derived 1 km 2 mask).
follows: (1) we create a resampled binary representation of the input layer (for simplicity, we assign value zero to the 'nodata' pixels) by oversampling and reprojecting into the World Mollweide projection (RR in Table 1 indicates the used resampling resolution); (2) we aggregate the resulted fine resolution binary representations into a 1-km density grid; and then, (3) we generate the binary settlement masks at 1-km grid by assigning value 1 to all pixels for which the density value is greater than zero (Figure 1(a) ). These eight settlement masks (ID in Table 1 introduces the acronyms to differentiate the derived masks from the main datasets) are summed into one grid -the agreement map -whose pixel value ranges from one to eight. We refer to these values agreement classes (AC), for example, a pixel classified as agreement class four (AC4) identifies an area of 1 km 2 , where four products reported the presence of built-up area (Figure 2) .
The positive domain of the agreement map, i.e. pixels with values greater than zero, constitutes the Generalised Settlement Area. The resulting Generalised Settlement Area (Figure 3) clearly differentiates the 1 km 2 areas where there is no evidence of settlement surface or any built-up structure in any of the input layers. 
Auxiliary data
For the purpose of the presented analysis, some additional auxiliary data are created, namely the country and landmass grids, the regional aggregation of countries, and a water density map. The GADM database (https://gadm.org/) is selected as the source to produce the country 1-km grid. First, the GADM country layer (i.e. the vector layer level 0) is rasterised to the 1-km grid in World Mollweide projection, using the maximum combined area algorithm and the 'land over water' dominance rule. This rule results in an overestimation of the extent of countries, as all pixels of the country layer containing some land surface are classified as a country (i.e. including all pixels touched by a coastline, either inland water bodies or seas). The advantages of this approach are: (1) it reduces the discrepancies in the coastlines of the used global settlements and built-up layers, (2) it allows for accounting the surface of Generalised Settlement Area independently if it falls over the land or water. Finally, the resulted country grid is reclassified to a binary representation of landmass, named an extended landmass grid.
The country list from GADM database is mapped with the country list provided by the United Nations (UN) World Urban Prospect 2018 (UN DESA 2018), via the country ISO-3 codes presented in both datasets. All mismatches and many-to-many relations of entities are reconciled manually (with the help of information provided by UN documents, http://data.un.org/). In this way, the geographical classifications used by UN (UN sub-Regions) is applied to the country grid. The UN estimates of country total population for 2015 (https://population.un.org/wup/) are used as additional information in the regional analysis.
In the global analysis, we use a water density map to assess the impact of the method producing the landmass and country grids. This map has been produced from the Water Occurrence dataset (Pekel et al. 2016) , which shows where surface water occurred between 1984 and 2015 and estimates per each 30 × 30 m pixel the overall water dynamics (i.e. water frequency: 0-100%). This dataset is used to create a water density map, which reports per each 1 km 2 of the Earth surface the share occupied by 'stable' water bodies. Only those pixels with an occurrence frequency of 80% or more are assumed to report on the presence of the 'stable' water (the threshold is derived through visual assessment of selected areas across the globe). First, we create a stable water mask -a binary representation of the water presence (the 'nodata' pixels are treated as stable water); then, we produce a 1-m water mask in World Mollweide projection (oversampling and reprojecting); finally, we aggregate it to 1-km grid estimating the surface of stable water in each 1 km 2 of the Earth.
Results
First, we perform a visual assessment. Then, the results are analysed globally and by geographic region following the UN classification of countries. We present an overall Generalised Settlement Area, the contribution of the product settlement masks to the Generalised Settlement Area, and the share of agreement class within each settlement mask.
Visual assessment
We can observe that most of the Generalised Settlement Area is concentrated in the east of North America, in Europe, India and in eastern China (Figure 3 ). Inspecting the agreement map ( Figure  2 ) we note red areas (where all layers agree on the presence of built-up areas and settlements signs) surrounded by colours transiting from red, yellow to blue (a decrease in the agreement on settlement presence). These red blobs usually overlap cores of human settlements (mainly large cities). Additionally, we observe that Africa and South America show mostly low levels of agreement on the Generalised Settlement Area. A more detailed inspection of these areas reveals linear features and circles of agreement class one (AC1, blue in Figure 2 (c,e)).
Global analysis
According to the resulting Generalised Settlement Area map, more than 19 million km 2 of the land and coastal water surface (i.e. 14.3% of the extended landmass grid) is occupied by built-up structures or located at least within 1-km of them (Table 2 ). Figure 4 shows that all products agree only on 3% of the Generalised Settlement Area surface. Less than 16% of the Generalised Settlement Area surface is mapped by at least five layers, while 42% of the Generalised Settlement Area surface is the sum of separate contributions of each of the settlement masks (AC1). The water share (calculated from the water density map) in each agreement class is almost proportional to the class size and, in general, this pattern is maintained at different spatial aggregations of the Generalised Settlement Area surface. Therefore, we assume that the applied landmass generation method (i.e. systematic inclusion of coastal areas) should not influence the results.
As expected, higher resolution thematic layers contribute substantially more than the other products to the Generalised Settlement Area (Table 3 ). The highest values of settlement mask surface are reported by GhsS1 (nearly 13 million km 2 ), followed by Guf12 and GhsLds (nearly 10 and 9 million km 2 , respectively). Modis represents the most conservative mapping approach, due to the used imagery and the mapping procedure, which mainly maps densely urbanised areas. Similarly, the contribution to the Generalised Settlement Area is higher from the products derived from finer resolution sensors.
The analysis of the contribution of each layer to every agreement class is shown in Figure 5 , with more details on AC1 (Table 3) . 78% of the surface of the AC1 class is provided by the high-resolution thematic maps, mostly GhsS1, GhsLds and Guf12, which together map nearly 18% of the Generalised Settlement Area. Although mapping only a small subset of the Generalised Settlement Area, Figure 5 . Overview of the share of agreement class in each settlement mask.
Modis maps only small subset of the Generalised Settlement Area surface, and only 8% of its total area is not confirmed by any other mask (which corresponds to 1.4% of the surface of the AC1). EsaCCI and Hbase products are also very conservative and map mostly the area of agreement class four or higher.
Geographical overview
The majority of the surface of the settlement mask falls within Asia (more than 36%), followed by Europe and North America regions (Figure 6 ). Noticeably, the surface of the Generalised Settlement Area in Africa is higher than the surface estimated in the Latin America and Caribbean region. When comparing the agreement class shares within the Generalised Settlement Area per region, we can observe that Oceania is the region where the layers achieve the lowest agreement, followed by Latin America and Caribbean and Africa regions (three or more products agree only in 30%). Figure 6 (c) shows the absolute surface of each settlement masks per region. In general, the overall pattern is similar to the assessment at the global level. We can observe that the recent refined products have reported more Generalised Settlement Area surface compared to the other products, and GhsS1 is systematically higher in each region. The contribution of the refined grids is especially visible in Asia (almost twice as much), while GhsS1 is mapping most of the Generalised Settlement Area in Europe. Figure 7 gathers the refined regional analysis. Here, clearly, we can observe that Northern America is closely followed by the Eastern and South-Central Asia sub-Regions for the extent of the Generalised Settlement Area surface (Figure 7(a) ). The high value of Eastern Europe is explained by the fact that this region includes the Russian Federation (the Eastern Europe region has also been split into 'Eastern Europe without Russian Federation' and 'Russian Federation', marked with (*) in Figure 7 ). The share of the Generalised Settlement Area over the total landmass area is the highest Figure 6 . Overview of the regional analysis. Total area of the Generalised Settlement Area (GSA) per UN Region in km 2 (a), the share of the agreement class within each region (b), and the absolute surface of each settlement masks per region (c). in the European regions, with as much as 83% reported in West Europe (with Belgium reaching 93%), followed by Eastern (*) and Southern Europe.
Figure 7(c) shows a comparison of the estimates of the average number of people per km 2 of the landmass and the Generalised Settlement Area surface per region (as reported in 2015) . Noticeably, the average population density in the area of the Generalised Settlement Area is the highest in Eastern Africa, overcoming the value reported in the Southern-Central Asia sub-Region. Generally, the values for almost all African regions are very high (except for Southern Africa), with data ranges similar to those in Asian regions. Also, the Caribbean and Melanesia regions report quite high values of population density within the Generalised Settlement Area domain.
Discussion
According to our visual inspection, we may conclude that the selected products usually agree on the location of the large cities but do not necessarily agree on their extent. The low levels of agreement on the Generalised Settlement Area in Africa and South America could be explained by contributions of GhsS1, Guf12 and GhsLds masks, derived from products for which new methodologies were developed in order to process higher resolution imagery. These new developments resulted in improvement in the mapping of smaller settlements or probably even villages. Low levels of agreement could also be commission errors. The linear features and circles of regular shapes of agreement class one, can be explained by the semantic of GlobeLand30 (the class used as settlement proxy includes roads in the target class) and by the well-known artefacts of the GRUMP dataset -the blooming effect inherited from the nightlight data or buffering of the settlement points.
The artefacts in GRUMP and the semantic mismatch of GlobeLand30 may explain the relatively high contribution of their masks in agreement class one. MODIS seems to be the most stable product, and its mask usually indicates the areas of the highest agreement. Its presence in the area of low agreement could be explained by the oversampling method used in the production of the mask (more than 8% of Modis is not confirmed by any other mask). EsaCCI is also very conservative and maps mostly the area of agreement class four or higher. This could be explained by the ESA CCI production approach: both GUF and GHSL Landsat products were used as the sources on artificial surfaces (relying on their agreement). Noticeably, Hbase shows similar characteristics in being rather conservative in mapping the Generalised Settlement Area, despite the fact that the HBASE dataset has been derived from Landsat imagery (like GlobeLand30 or GHSL Landsat).
Regional analysis uncovers that refined resolution products report almost twice Generalised Settlement Area surface as the other products, and this can be especially appreciated in Asia. The contribution from GhsS1 is systematically higher in all regions, and the difference is more significant in Europe.
The results for the African regions indicate that there might be some issues, due to the very high value of the overall population density estimated over the Generalised Settlement Area (even higher than the values reported in Asia). These high numbers might be explained by cities and settlements with very high population densities. Harsh environmental conditions can contribute to clustering of people (and their built-up areas) over small areas (e.g. oasis); also poor areas of cities can have very high population density. However, it should not be a general trend for almost a whole continent. In fact, the Southern Africa region shows a different behaviour. One explanation could be omission errors in all products, due to the landscape and built-up area features found in these regions. Future works are needed to confirm this.
The surfaces of the Generalised Settlement Area and settlement masks reported in this work, should not be understood as an estimation of the built-up area or urban surface, neither their approximation. The Generalised Settlement Area map is an implementation of the introduced concept, and its objective is to account the overall surface in proximity to any human builtup structure (here, the distance threshold is set at 1 km). This approach may provide some overview on the land consumption by urbanisation processes ongoing currently, or that might happen in the near future. It shall be noted, that the results should be interpreted by considering the defined distance threshold, implemented via spatial unit of the settlement mask, i.e. 1 km 2 . The change of this threshold (and therefore change of the spatial unit) will influence the results. For example, it is expected that using a distance threshold lower than 1 km; the estimated surfaces will decrease. Especially, the surfaces of the settlement masks derived from the high-resolution maps will decrease, which further will have effect on the overall estimates (in this work, these masks contribute significantly to the low-level agreement classes and explain more than 30% of the surface of the Generalised Settlement Area).
The main drawback of the proposed method is the propagation of the commission errors present in the used products, which results in an overestimation of the reported surfaces. Currently, it is not possible to evaluate this error in a traditional manner due to the lack of an appropriate validation dataset. In addition, the applied method overestimates the settlement masks produced from the coarse-resolution products, mostly due to the scale difference. The results are also affected by the implementation of the proximity rule via a 1 × 1 km grid in World Mollweide projection. Ideally, the method should be implemented using buffering techniques in equidistance projection. The temporal mismatch between the products may bias the presented results as well, because even if we assume the relative stability of the settlement extent (comparing to other geographic features like water bodies), during the past decade's urbanisation processes have become a planetary phenomenon (Melchiorri et al. 2018) .
Conclusion
At present, according to the best global (open) knowledge available on human settlements from Earth Observation products, more than 14% of the land and coastal water surface is located in 1-km proximity of built-up structures or occupied by them. About 42% of this Generalised Settlement Area surface is derived by one global product (usually one of the fine resolution products) and not confirmed by any other. What is more, the analysis of the agreement map provides some indications that the Generalised Settlement Area in some regions (mainly in Africa) might not depict the actual situation. Future work shall seek to understand the nature of these observations. The created agreement map is a result of a straight join of the settlement masks. Different approaches for combining the masks into an agreement map can be further investigated (e.g. using majority rule, weighted union, etc.), considering the baseline layer scale, reliability or semantic. The analysis of the effects of the scale, modifiable units or aggregation method on the Generalised Settlement Area map will be part of the future work.
Despite advances in global mapping of human settlements, they remain largely unaccounted for, and we have still much to learn about their presence and extent. Our knowledge is not only incomplete when it comes to mapping the presence of small, scattered and least densely built-up settlements, but is also incomplete in terms of how to quantify the extent and density of settlements for which there is a certain degree of agreement across different products. With new remotely sensed data and processing techniques, we could improve our knowledge in this domain. As a first step, we should assess systematically where our current maps fail in representing human settlement areas (or even solitary dwellings). Currently, there is no representative reference data available necessary to perform this exercise. Secondly, future maps should provide comparable information on map quality (derived from an objective, transparent and statistical procedure designed for global geospatial information) and tools facilitating integrating and/or usage of multiple products (e.g. different versions of a product, or combining products from different providers) in a meaningful way.
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